This study evaluated the effects of the fabrication process on tensile bond strength between maxillofacial silicone elastomer and acrylic resin. A common maxillofacial silicone elastomer (VST-50), two primers (Sofreliner primer and R-SI-LINE Plasticbond), and two acrylic resins (Unifast III and Palapress Vario) were selected. Silicone elastomer between primed acrylic resin plates were polymerized using a metal flask mold or a flaskless stone mold. Bond strength of the specimens was measured by a tensile test and analyzed using two-way analysis of variance (ANOVA) with Tukey's honest significant difference test. All fracture surfaces showed interfacial fracture. Both the fabrication process and the primer-acrylic resin combination affected bond strength, and two-way ANOVA indicated a significant interaction. Bond strength was generally greater when silicone elastomer was polymerized using a flaskless stone mold.
INTRODUCTION
Maxillofacial prosthetics is the art and science of anatomical, functional, or cosmetic reconstruction using artificial substitutes 1) . Devices made of wax, clay, and wood in ancient China are considered to be the origin of facial prostheses 2) . In 1575, the French surgeon Ambroise Pare published the first report on facial prostheses, fabricated using gold, silver, paper, and linen 2) . In the 19th century, vulcanized rubber became the standard material used for making facial prostheses 3) , and this was replaced by acrylic resin and polyurethane in the 20th century 4) . Currently, most facial prostheses are made of silicone elastomers 5, 6) , as they are simple to fabricate, flexible, and easy to color.
Facial prostheses are sometimes fabricated using a combination of silicone elastomer and acrylic resin to provide structural support when a large prosthesis is required, a framework for retention 7) , or housing for bar attachment clips on facial implants 8, 9) . However, delamination of maxillofacial silicone elastomer from contact with the acrylic resin can be problematic in such facial prostheses 9, 10) . Therefore, the bonding process between silicone elastomer and acrylic resin has been investigated 9, [11] [12] [13] [14] , and the use of a primer has been suggested to obtain suitable bond strength. Moreover, the type of fabrication process for facial prostheses is also considered to influence the bonding.
When a smaller facial prosthesis is made, a silicone elastomer is usually polymerized in a dental metal flask mold 15) . However, a large facial prosthesis or a facial prosthesis with complicated undercuts is fabricated in different flask materials 16) or flaskless stone mold 2) . Gas and moisture in the flask mold have possibility to affect the silicone elastomer-acrylic bond [17] [18] [19] [20] ; therefore, a fabrication process using a flaskless stone mold, in which gas and moisture are easily discharged, might improve bonding between the silicone elastomer and acrylic, although the effect of such a process has not yet been evaluated.
The purpose of this study was to evaluate the effects of both the fabrication process on the strength of the silicone elastomer-acrylic resin bond. The fabrication processes examined involved using a metal flask mold and a flaskless stone mold. The null hypothesis was that the bond strength of maxillofacial silicone elastomers would not be affected by the fabrication process.
MATERIALS AND METHODS
The materials used in this study are listed in Table 1 . A commercially available maxillofacial silicone elastomer (VST-50; Factor II Inc., Lakeside, AZ, USA) was used. Two primers were used, one containing organic solvent and an acrylic substance grafted with functionalized silicone (Sofreliner primer; Tokuyama Dental Corp., Tokyo, Japan) and the other containing organic solvent and polyacrylates (R-SI-LINE Plasticbond; R-dental Dentalerzeugnisse GmbH, Hamburg, Germany). Two autopolymerizing resins, a self-curing crown and bridge temporary acrylic resin (Unifast III; GC Corp., Tokyo, Japan) and a self-curing denture base acrylic resin (Palapress Vario CEO 197; Heraeus Kulzer GmbH, Hanau, Germany) were examined. The specimen used for testing tensile bond test is shown in Fig. 1 . Fiftysix plates (10.0×10.0×2.3 mm) of Unifast and Palapress were prepared using a stone mold. Resins were prepared according to the manufacturers' instructions and polymerized either at room temperature for 15 min for Unifast or 35°C for 30 min for Palapress. After curing, both sides of each plate were ground with #250 SiC paper, then one side was polished with #600 SiC paper to a thickness of 2.0 mm, using a polishing machine (ML-150P; Maruto, Tokyo, Japan). One sheet of paraffin wax spacer (10.0×10.0×2.0 mm thick) was sandwiched between the polished sides of the two plates.
For the metal flask mold (Fig. 2 ), seven combinations of two plates and wax were embedded in the lower portion of a conventional denture fabrication metal flask (Brass Denture Curing Flask; Hanau Engineering Co., Inc., Buffalo, NY, USA) using dental stone (Newplastone II; GC Corp.). For the flaskless stone mold (Fig. 3) , seven combinations and three rod-shaped impression compounds (Impression compound green sticks; Kerr Corp., Orange, CA, USA) for creating air vents were embedded in the same manner. The upper portion of the metal flask was positioned over the lower portion and the stone was poured. After the stone set, the denture flask was immersed in boiling water and the upper and lower portions were separated. The wax and modelling compounds were then removed from the mold. For the flaskless stone mold, the stone mold was removed from the metal flask. After de-waxing, the surfaces of all plates were cleaned with acetone and dried. One of the two aforementioned primers was applied on the plate according to the manufacturer's instructions. Only one primer was used per stone mold to prevent contamination. The silicone elastomer was mixed according to the manufacturer's instructions at a Part A and Part B ratio of 10:1 and loaded into a syringe. The freshly mixed silicone elastomer was then injected into the space previously occupied by the wax spacer and kept under 13 N of pressure for 24 h. In sum, the following four groups of specimens, using each fabrication process were prepared: Group 1: Unifast-Sofreliner primer; Group 2: Unifast-Plasticbond; Group 3: PalapressSofreliner primer; and Group 4: Palapress-Plasticbond.
Twenty-four hours after injection, the stone mold was opened carefully and the specimen removed. Each specimen was confirmed to be without silicone elastomer injection flaws and any excess material was removed with a sharp knife. An acrylic primer (Acryl Primer; Tokuyama Dental Corp.) was applied to the roughened surfaces of the acrylic plates. A steel hexagonal nut (8.0 mm diameter, 4.0 mm thickness) to be used as a jigholder was sandblasted before applying a metal primer (Metal primer II; GC Corp.). The treated surfaces were glued together using cyanoacrylate adhesive (Aron alpha; Toagosei, Tokyo, Japan) (Fig. 1) , and kept on a laboratory bench for an additional 24 h to allow release of residual internal strain. A tensile test was conducted as previously reported 21) by attaching the plates to a universal testing machine (Instron model 1123; Instron Corp., Canton, MA, USA). Plates were attached using upper and lower S-shaped custom jigs with a threaded rod screwed into the nut of each specimen. Tensile load was applied at a crosshead speed of 5 mm/min until the silicone elastomer debonded from the acrylic plate. All tests were carried out at a temperature of 23±1°C and humidity of 50±5%.
After the tensile test, the fractured surface was examined by the naked eye. Bond strength was calculated as fracture load divided by the bonding area of 10 mm 2 . Bond strength measurements were subjected to Levene's test of homogeneity of variance, assuming equal variance, then evaluated using two-way ANOVA with fabrication process (metal flask mold, flaskless stone mold) and acrylic-primer combination as the main factors. Tukey's honest significant difference (HSD) test was performed using statistical software (JMP ver. 9.0.0; SAS Inc., Cary, NC, USA) (α=0.05).
RESULTS
All fracture surfaces showed interfacial failure between the silicone elastomer and acrylic plate. Table 2 summarizes the mean (standard deviation) values of bond strength (MPa); the bond strength of the flaskless stone mold ranged from 0.24 to 0.79 MPa, while that of the metal flask mold ranged from 0.19 to 0.58 MPa ( Table 2) . Equal variance was assumed by Levene's test (α=0.256). Two-way ANOVA revealed that bond strength was significantly influenced by not only the two main factors (p<0.001) but also their interaction (p=0.009).
The results of Tukey's HSD test are also shown in Table 2 . Data with the same superscript letters denote no significant difference. Bond strength using the flaskless stone mold was generally greater than that using the metal flask mold. The bond strength in Group 2 (UnifastPlasticbond), especially when using the flaskless stone mold, was significantly greater than that in the other groups for either fabrication process (p<0.05).
DISCUSSION
This study showed that the fabrication process and the acrylic-primer combination influenced bond strength between silicone elastomer and acrylic resin. Thus, the null hypothesis that bond strength of maxillofacial silicone elastomers is not affected by the fabrication process was rejected.
The materials used in this study are those often used in maxillofacial prosthetic treatment. VST-50 is typically used for facial prostheses 6) . Palapress is usually used for a denture base with the fluid resin technique, as well as for facial prosthesis support 22) . Unifast is used for temporary prostheses, denture repair 23) , and attaching housing to the facial prostheses 9) . The bonding of silicone on an acrylic plate was reported very poor when bonded without a primer 8, 14, 24) . Therefore, the bond strength between silicone and acrylic without a primer was not examined. Plasticbond is used as the primer for facial silicone plus acrylic resin, and Sofreliner primer was originally developed to modify denture base acrylic surfaces for silicone denture relining. It has been reported that the use of Sofreliner primer increases the bond strength between facial silicone elastomer and autopolymerized acrylic resin 14) . The metal flask mold process is usually used for making small prostheses and mainly used for in vitro cases 15) , while the flaskless stone mold process is commonly used for fabricating larger or more complicated prostheses 5) . The flaskless stone mold process is considered to release gas and moisture more readily from the mold. In the present study, modelling compound rods were inserted to enhance this release.
While a peel test is often used to test bond strength between facial prosthetic silicone elastomer and acrylic plate, the tensile test has been used to evaluate bonding between silicone impression material and acrylic plate 21, [25] [26] [27] [28] . This tensile test was considered to be more practical and suitable for simulating removal of the facial prosthesis with attachments and housings. In previous studies to evaluate tensile bond strength between silicone materials and acrylic 21, [25] [26] [27] [28] , a wide range of a cross head speed was used, which were from 5 to 300 mm/min. There is no standardized cross head speed for this kind of bond test, and the cross head speed of 5 mm/min was selected according previous studies 21, 28) . The bond strength of the silicone impression material and acrylic plate has been reported in the range of 0.10-1.09 MPa 21, [25] [26] [27] [28] , comparable to the range obtained in the present study.
Some previous reports have discussed the effects of the fabrication process or post-fabrication conditions on silicone-acrylic bonding. A study by Polyzois investigated the effects of microwave and dry heat fabrication processes on bond strength, finding it was affected by the type of silicone elastomer and not by the fabrication processused 11) . In Polyzois's study, however, the effect of using metal flasks was not evaluated.
It is generally known that water contamination affects the bonding between different materials [17] [18] [19] [20] .
Moreover water sorption affects the bonding between denture base and silicone relining material 29) . Although details of effects of humidity during silicone polymerization are unknown, there is a possibility that moisture affects the bonding between silicone elastomer and acrylic resin surface modified using the primer. Here, the flaskless stone mold was more permeable without the use of a metal flask and therefore likely improved the bonding between the silicone elastomer and acrylic resin.
Several papers have discussed the effects of primers on silicone elastomer as a material for maxillofacial prostheses. Hatamleh and Watts reported that lightaging increased the shear bond strength of primertreated silicone elastomer 13) . Shetty 8) studied the effect of primers on maxillofacial silicon and three types of surface-characterized acrylic resin, concluding that primers were more compatible with silicone elastomer and also that the presence of retentive holes increased bond strength. Haddad 14) et al. also reported that primer use increased bond strength between autopolymerized acrylic resin and facial silicone elastomer. Therefore, primer use on an acrylic plate is generally considered to be conducive to silicone elastomer bonding. However, the effectiveness of the primer is influenced by the specific combination of the acrylic plate, primer, and silicone elastomer.
The two autopolymerizing resins examined had different polymer powder sizes and were used in different polymerization initiation systems. The main component of the two primers used was methylene chloride; however, only one contained an acrylic substance grafted with functionalized silicone which will chemically react with silicone materials. The results showed that the bonding strength was different in each combination of the acrylic resin and primer, and the effect of primer was reversed in each acrylic resin. This reason was suggested as follows. On the surface of the acrylic resin, the smear layer was created by polishing, and was interfered the interlocking effect of silicone elastomer. Primers modified the acrylic resin surfaces by dissolving the acrylic resin and removing the smear layer, as a result new rough surfaces were created. However the effect of primer should vary since the composition of the primers are different. Furthermore, the composition of the each acrylic resin was not identical, and the size and the amount of polymer bead were different in each acrylic resin. Thus primers might differently influence each acrylic resin.
Bond strength significantly varied due to the fabrication process and the combination of primer and acrylic resin. Bond strength obtained using the flaskless stone mold was greater than that obtained using the metal flask mold. The required bond strength of silicone elastomer and acrylic plate has not been confirmed. It has been reported that more than 0.4 MPa is needed for tray and impression bonding 30) , which is less than the bond strength obtained in the present study. Different acrylic plate and primer compositions might cause different chemical or physical reactions between the acrylic plate and primer or between the primer and silicone elastomer. All fracture surfaces showed interfacial fracture according to surface observations, suggesting the possibility that not only a more suitable fabrication process but also a more suitable primer might improve bonding efficiency.
The results of the present study suggest that the fabrication process and the combination of acrylic plate and primer both influence bonding between the silicone prosthesis and acrylic resin. The findings concern oneday storage only. Further study is necessary to evaluate the effect of storage conditions on bonding between silicone elastomer and acrylic resin.
CONCLUSION
Within the limitations of the present study, the results indicate that the fabrication process affected bond strength between silicone elastomers and acrylic resins using primers. Bond strength was greater when silicone elastomer was polymerized in a flaskless stone mold compared to a metal flask mold.
